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The temperature dependence of the energy gaps for sulfur-annealed copper indium disulfide 
has been studied by photorefiectance in the temperature range of 10-300 K. The sulfur-
annealed sample has been found to have larger transition energies, smaner positive temperature 
coefficients of energy gaps, and larger spin-orbit splitting energy than the as-grown sample. 
This can be explained by the reduction of d-level contributions in the upper valence band 
probably caused by the variation of lattice distance due to native defects. 
!. INTRODUCTION 
The optical properties of ternary chalcopyrite semicon-
ductor copper indium disulfide (CuInS2 ) has received a lot 
of attention because of its potential application in thin-film 
solar cells. I- 3 The fundamental energy gap of CulnS2 has 
been studied by many authors.4-10 The reported values of 
this energy gap indicate that discrepancies exist between dif-
ferent measurements. These discrepancies have been 
thought to have resulted from a Burstein-Moss shift due to 
impurities doping, 1 I or from the effect of nonstoichiometry 
due to the native defects. 8 In a previous work we studied the 
temperature-dependent energy gaps of CulnS2 by the sur-
face barrier electroreflectance (SBER) method.9 The obser-
vation of positive temperature coefficients below 120 K indi-
cates that the band-gap shift is related to the reduction of 
d-leve1 contributions in the upper valence band due to ther-
mal expansion and the competition of thermal expansion 
with the electron-phonon interaction. From this result, it 
was suggested9 that the variation of d levels may have con-
tributed to the discrepancies of energy-gap measurements. 
Recently, Nakanishi et al. 12 observed a large band-gap shift 
of nearly 0.02 e V between n- and p-type copper indium dise-
lenide (CulnSe2 ). It is interesting to know that such an ener-
gy shift also exists in CulnS2 • Since the electrical conductiv-
ity of n-type material is governed by sulfur vacancies, copper 
vacancies, and indium interstitials, while p-type or compen-
sated conductivity is due to interaction of sulfur and copper 
vacancies,13 the observation of temperature-dependent en-
ergy gaps between n- and p-type samples of CuInSz would 
lead to the understanding of the relation between the a-level 
contributions and the native defects. The purpose of this pa-
per is to study the band-gap anomaly of two types of CulnSz 
by photorefiectance. 
It EXPERIMENT 
Single crystals of CuInS2 were grown by the traveling 
heater method. 14 The typical as-grown crystals were n type 
with resistivity near 1 n cm, a carrier concentration of 
1016_1017 em _. 3, and mobility near 40 cm2 IV s at room tem-
perature. The p-type CuInS2 crystals were obtained by ther-
mal treatments in the sulfur vapor, The as-grown crystal had 
been annealed under maximum sulfur pressure at 750 ·C. 
The sulfur-annealed crystal became p type with a resistivity 
near 10 .!l cm, a carrier concentration near 3 X 1017 em - 3, 
and a mobility of 10 cm2 IV s. Table I depicts the annealing 
conditions and the electrical properties of sulfur-annealed 
CulnSz· 
\Ve have made use of photorefiectance to study the ener-
gy gaps of CulnS2 • Photorefiectance (PR) is a contactless 
technique of electromodulation, which is especially suitable 
for the studies of different types of samples at low tempera-
tun~s. In our experiment, a I-mW He-Ne laser chopped at 
510 Hz was used as the pumping source. The experimental 
arrangement of PR is similar to that described in the litera-
ture. 15,16 For the low-temperature PR spectra, we mounted 
our samples inside the sample chamber of an Air Product 
De-202 close-cycle refrigerator. Using this cryogenic sys-
tem, the temperature could be varied from 10 to 300 K. 
III. RESULTS AND DISCUSSION 
Figures 1 and 2 show the PR spectra of as-grown (n-
type) and sulfur-annealed (p-type) CuInS2 at temperatures 
ranging from 10 to 300 K. Below 200 K, the PR line shapes 
exhibit two well-resolved signals which are related to the 
fundamental transitions Eo and the transitions involving 
spin-orbit splitting Eo + I:!.o. In general, these line shapes 
agree with our previous experiments of SBER.9 However, 
narrower line shapes have been found in the PR experi-
ments. 
In photorefiectance, the modulation of the optical con-
stants is produced by the periodic cancellation of the built-in 
surface field resulting from the photoexcitation of the laser 
beam. Basically, the PR spectrum can be described by the 
third derivative line shapel7 similar to the case of e1ectrore-
fiectance, For the native defects, the experimental line shape 
is described by the generalized functional form proposed by 
Raccah et al., 18 
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TABLE I. The electrical properties of sulfur-annealed CuInS, . 
Annealing Substrate Sulfur temp. 
condition temp. (OC) ("C) 
As-grown 
Sulfur 550 250 
Sulfur 550 350 
Sulfur 750 450 
Sulfur 750 700 
Sulfur 750 750 
I1R = "V C.( (;08(54;;12 - S,) 
R "'7' I [CE-Ej)2+r7]5/4 
411U; cos(3¢;;l2 - Sf) 
(fin,)3 [(E - Ei)2 + r;] 3/4 
4AE, cos(rp;l2 - Sf) ) 
- (Iin;)3 [(E - E)2 + rn 114 . (1) 
Here i = 1,2 represent Eo and Eo + .0.0 transitions, Ci and 
S, are amplitudes and phase factors ofline shapes, r j are the 
broadening parameters, l1(J'j are the changes of mean-square 
single~site scattering t matrices, AEi are the energy shifts due 
to structural instabilities, fin, are the characteristic energies, 
and 
(2) 
aOOK 
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20QK 
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FIG. L The photorefiectance spectra of the as-grown (n-type) sample at 
temperatures between 10 and 300 K. 
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Conductivity Carrier conc. Mobility 
type (cm-') (cm2/V s) 
n 1016_1017 39.1 
n 3.0X 1015 48.6 
p 4.7X 1014 8.6 
P 8.6X 1015 9.7 
p 1.7X 1017 11.3 
P 3.4 X 1017 10,7 
The generalized functionalform [Eq. (1)] is a linear combi-
nation of the first-, second-, and third-derivative line shapes. 
The coefficients of the first derivative I1E I (lin) 3 and the 
second derivative Ac?-/ (fin) 3 are contributed from the elas-
tic strain from the piezoelectricity oflocal disorder and from 
the polarization of the charged scattering centers caused by 
electric fields, respectively. 
In our experiments, we have used both the third-deriva-
tive functional form CTDFF) and generalized functional 
form (GFF) to analyze our PR data. We found that our 
results could not be well fitted by TDFF, especially at lower 
temperatures. Figures 3 and 4 are the best fits of the as-
grown and sulfur~annea1ed PR spectra by GFF. The line 
shapes in the two types of samples do not show significant 
differences. Table II shows the energy transitions obtained 
by GFF calculations of the two samples at 10 K. It is clear 
300K 
250K 
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" 12:
<l 100K 
SDK 
10K 
1.45 1.50 1.55 1.60 1.65 
E(eV) 
FIG. 2. The photoreflectance spectra ofthe sulfur-annealed (p-type) sam-
ple at temperatures between 10 and 300 K. 
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FIG. 3. A comparison between the Pit spectrum and GFF calculation of the 
as-grown sample at 10 K. The dashed line gives the experimental data and 
the solid line gives the calculated results. 
that the sulfur-annealed sample has smaller broadening pa-
rameters and larger transition energies than those of the as-
grown sample. The reduction of broadening parameters for 
the sulfur-annealed sample is due to the improvement of the 
crystal perfection by thermal annealing. This is consistent 
with our results of temperature-dependent Hall measure-
ments. In Fig. 5 we plotted In(PT - 1.5) as a function of in-
verse temperature for the sulfur-annealed sample. In this 
case the concentration of the hole is related to the concentra-
tion of ionized species according to the simple formula19 
(3) 
where Ea is the ionization energy above the valence-band 
edge and N" is the effective density of states in the valence 
band which is equal to 2(21rm*kT /h 2) 1.5. The linear depen-
dence of this plot indicates the nondegeneracy and low de-
gree of compensation in our sulfur-annealed crystals.2o,21 It 
is noted that the predominant defect pairs for as-grown sam-
ples are sulfur vacancies and copper vacancies, and the con-
1.45 1.50 1.55 1.60 1.65 
E(eV} 
FIG. 4. A comparison between photorefiectance spectrum and generalized 
functional fonn calculation of the sulfur-annealed sample at 10 K. The 
dashed line is the experimental data lind the solid line is the calclllated re-
sults. 
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TABLE II. The generalized functional form calculation of all-grown and 
sulfur-annealed CuInS2 at 10 K. 
(l) Eo E r .6.E1(1i!l)' .6.a2/(Ii!l) , 
Sample (eV) (eV) (eV) 2 (eV)-1 
As-grown 1.5324 0.0125 -178 -6.6 
S-annealed 1.5348 0.0100 -617 -7.0 
(2) Eo + 6.0 E r .6.E I(I/H)' .6.a21(I/H)' 
Sample (eV) (eV) (eV) ·-2 (eV) . I 
As-grown 1.5514 0.0100 -6.6 - 3.8 
S-&nnealed 1.5545 0.0090 99.6 - 6.1 
centration of sulfur vacancies is greater than that of the cop-
per vacancies in n-type CuInS2 crystals. During the sulfur 
annealing, the concentration of copper vacancies increases 
and that of the sulfur vacancies decreases. Therefore, the n-
type conductivity decreases and the crystal becomes more 
heavily compensated. After further sulfur annealing the do-
nor defects such as lUi' Incu ' and V;; are almost completely 
removed, and the copper vacancies are then responsible for 
the carrier concentration and the p-type conductivity.22 
The increase of energy transition for the p-type sample is 
similar to the results of Nakanishi et al. in CulnSe2,t2 al-
though in our experiments the energy shift is ten times less 
than that in CulnSez• Figure 6 shows the temperature de-
pendence of the energy gaps for the as-grown and sulfur-
annealed samples. At low temperatures the increase of the 
energy transitions for the sulfur-annealed sample over that 
of the as-grown sample is noticeable. Since the temperature 
dependence of Eo and Eo +.6.0 transitions are due to the 
thermal expansion of the lattice and the electron-phonon 
interaction, the observed anomalous positive and negative 
temperature coefficients of energy gaps (slope of energy 
gaps) in Fig. 6 are the results of competition between the 
reduction of d-level contributions in the upper valence band 
36 
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1000/ T(K-') 
FIG. 5. The plot ofln(PT - 1.5) vs liT for the sulfur-annealed sample. 
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FIG. 6. Temperature dependence of band gaps of the as-grown and suifui"-
annealed samples. The solid circle represents the as-grown sample and th.e 
solid square represents the sulfur-annealed sample. 
due to thermal expansion and electron-phonon interaction. 
Therefore, as we have discussed in our previous work,9 the 
increase of energy gaps in sulfur-annealed samples indicates 
the decrease of d-Ievel contributions to the valence band. 
This indication can also be seen from the decrease of positive 
coefficients of energy gaps for sulfur-annealed samples at 
temperatures below 120 K. 
Within the linear hybridization model, the fracti.ona! 
admixture of d-Ievel contributions in the upper valence band 
(X) can be calculated as the weighted mean of the splitting 
levels of p and d orbitals: 
(4) 
where !J.p and I1d are the spin-orbit splittings of p and d 
orbitals, respectively. Shay and Wernick l suggested that one 
use the ap of the binary analog, but the disadvantage of this 
suggestion is that the II-VI analog is not part of the I-III -VI 
compound. Such a calculation will thus give rise to an over 
(or under) estimation of x.I,S> In order to avoid these diffi-
culties, we used the method of Artus, Bertrand, and Ance,23 
in which 
and 
Ad = 29/20I1d (Cu) = - 0.220 eV, 
Figure 7 shows the temperature dependence of the spin-
orbit splitting energy .6.0 for the two samples. Although the 
difference of .6.0 for the two samples is very small, it is quite 
clear that the sulfur-annealed sample has larger .6.0 than that 
of the as-grown sample at low temperatures. Figure 7 shows 
that 110 increases linearly with increasing temperature. The 
extrapolation of linear lines will obtain .10 at zero tempera-
ture. The calculation of d-level contributions by Eq. (4) 
gives 38.2 ± 0,2% for sulfur-annealed and 38.4 ± 0.2% for 
as-grown samples at zero temperature. The decrease of d-
286 J. Appl. Phys., Vol. 68, No.1, 1 July 1990 
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FIG. 7. The temperature-dependent spin-orbit splitting energies of as-
grown and sulfur-annealed samples. The solid circle represents the as-
grown sample and the solid square represents the sulfur-annealed sample. 
level contributions for sulfur-annealed samples explains the 
increase of energy transitions and decrease of the positive 
temperature coefficient of energy gaps as we have described 
before. The reason for the decrease of d-Ievel contributions 
after sulfur annealing is probably due to the variation of lat-
tice distance caused by the native defects. This can be seen 
from the increase of lattice strain [first derivative tenn, 
I1E ! (lin) 3] of the sulfur-annealed sample as shown in Ta-
bIen. 
The possible variation of the lattice distance caused by 
the native defects can be confirmed from the intensity reduc-
tion of the 14-K photoluminescence spectra for samples an-
nealed in sulfur vapor (Fig, 8). This reduction can be de-
scribed by the following relation 
10:: 1'4 exp( - 41TNd ,.'l/3 )exp( - 2r!a), (5) 
where r is the average donor-acceptor separation. It is noted 
from Fig. 8 that the shift in emission peak is an indication of 
the different defect structures before and after the sulfur an-
nealing. The peak locating at 1.437 eV corresponds to the 
transition from conduction band to an acceptor level as-
signed to the copper vacancyl9.21 and this acceptor level is 
located at 0.11 e V above the valence band. 22 
7600 
PHOTON ENERGY (eV) 
1.6 1.5 
A. No Annealing--
B. S Anl1ealing--~ 
c. S-S Anneo.ling----
7900 B300 8700 
WAVELENGTH (A) 
1.4 
9100 9500 
FIG. 8. The photoluminescence spectra for as-grown and sulfur-annealed 
CulnS2 at 14 K. 
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IV. CONCLUSION 
We have studied as-grown and sulfur-annealed single 
crystals ofCuInS2 by photorefiectance. The sulfur-annealed 
sample was found to have larger transition energies, smaller 
positive temperature coefficients of energy gaps, and larger 
spin-orbit splitting energies compared with those of the as-
grown sample. The experimental results are explained by a 
decrease of d orbital contributions to the upper valence band 
for the sulfur-annealed sample which is probably caused by 
the variation of lattice distance due to native defects. 
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